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I.  INTRODUCTION 


Pliase  conjugation  of  a  cw  HF  ciiemical  laser  beam  is  of  interest  for 
aberration  correction  in  systems  that  employ  these  lasers.  Studies  of 
phase  conjugation  of  an  HF  chemical  laser  beam  by  means  of  stimulated 
Brillouin  scattering  (SBS)  are  reported  in  Refs.  1  and  2.  A  difficulty 
with  the  SBS  approach  to  HF  laser  phase  conjugation  is  the  need  for 
megawatt  power  levels  in  order  to  achieve  threshold.-*  In  addition,  the 
frequency  of  the  conjugate  beam  is  Doppler  shifted  from  the  incident 
beam.  These  limitations  can  be  circumvented  by  employing  degenerate  four- 
wave  mixing  (DFWM)  (e.g.,  Refs.  4-7).  A  theoretical  study  of  the 
application  of  DFWM  for  phase  conjugation  of  a  pulsed,  multiline  HF 
chemical  laser  by  use  of  a  homogeneously  broadened  saturable  gain  medium  is 
reported  in  Ref.  8. 

The  use  of  DFWM  for  phase  conjugation  of  a  cw  HF  chemical  laser  beam 
is  investigated  analytically  and  experimentally  in  this  report.  Analytic 
expressions  are  deduced  for  DFWM  reflection  coefficients  associated  with  a 
saturable  absorber.  Effects  of  diffusion,  heat  conduction,  pump  depletion, 
and  a  Gaussian  profile  are  considered.  The  experimental  study  employs  a 
single-line,  single-longitudinal  mode  cw  HF  laser  operating  at  1-10  W  and  a 
gaseous  HF  absorption  cell  operating  at  nominal  pressures  of  1-10  Torr. 
Experimental  values  of  reflection  coefficient  are  reported  as  a  function  of 
frequency  detuning  from  line  center  and  absorption  cell  pressure. 

Symbols  are  defined  in  Appendix  A.  Spectroscopic  and  chemical  rate 
data  for  HF  are  given  in  Appendix  B. 
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II.  THEORY 


The  DFWM  process  is  illustrated  in  Fig.  1.  Here,  I^,  I^,  Ip,  and  1^ 
denote  the  intensity  of  the  forward  pump,  backward  pump,  probe,  and 
conjugate  wavcs,  respectively.  The  waves  are  assumed  to  have  the  same 
frequency  and  to  interact  in  a  saturable  medium.  The  forward  and  backward 
pump  waves  are  required  to  be  phase  conjugates.  This  is  easily  achieved  by 
the  use  of  counter-propagating  plane  waves  from  a  single  laser  source.  The 
angle  between  Ip  and  1^  is  denoted  6  and  is  assumed  small  in  this  study. 


Fig.  1 .  Geometry  for  DFWM. 


The  physical  basis  for  the  generation  of  I^,  is  illustrated  in  Fig. 
2.  The  interaction  between  waves  Ip  and  If-  creates  a  stationary  sinusoidal 
interference  pattern  of  wavelength  =  A/[2  sin(9/2)]  which  interacts 
with  the  saturable  medium  to  form  a  sinusoidal  variation  in  medium 
susceptibility.  The  latter  scatters  the  incident  beam  Ip  to  form  1^,  which 
can  be  shown  to  be  the  phase  conjugate  of  Ip.  Similarly,  Ip  and  Ip  form  a 
grating  of  wavelength  =  i/[2  cos(9/2)]  which  scatters  1^  to  add 
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r-X„,  =  \/[2  sinW/2)l 


(a)  FORMATION  (b)  READOUT 


Fig.  2.  Grating  Formation  and  Readout  in  DFWM. 

coherently  to  the  phase  conjugate  For  small  0,  the  gratings  and 

Apb  are  termed  "wide"  and  "narrow,"  respectively. 

In  the  following  sections,  we  summarize  expressions  for  the  reflectiv¬ 
ity  R  s  for  both  homogeneously  and  inhomogeneously  broadened 

c  p 

saturable  media.  To  simplify  the  expressions,  we  assume  1^.  =  1^,  Ip  p  << 
I^  p,  and  0  <<  1  .  Beam  intensity  is  assumed  to  be  uniform  in  the  trans¬ 

verse  direction.  The  effects  of  a  Gaussian  intensity  profile,  diffusion, 
heat  conduction,  and  pump  depletion  are  also  considered. 

A.  HOMOGENEOUS  MEDIUM 

Reflectivity  expressions  for  a  homogeneously  broadened  saturable 

2 

medium,  in  t-.he  limit  Ip  ^  <<  If-^p  and  0  <<  1 ,  are  given  in  Appendix  C. 

vVlien  pump  depletion  effects  are  negligible  and  I^.  =  Ip,  the  reflectivity 
is,  from  Eq.  (C-9b), 
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(1  +  6^) 


(1) 


<4)2  [1  .  2(I^/I^)]3 


where  a  term  of  order  a^L  is  neglected  and 


^t  ~ 

I3  -  i“(i  •  6h 


(2a) 

(2b) 


5  =  (v-Vq)/(Av^/2) 


(2c) 


Here,  is  a  suitable  line  center  (6  =  0)  saturation  intensity,  Av,  is  the 
s  n 

homogeneous  width,  u  is  the  length  over  which  the  four  waves  interact, 

E 

and  is  the  line  center  small-signal  electric-field  absorption 

V  O  C* 

coefficient.  Expressions  for  n,  a^,  and  Av.  are  given  in  Appendix  B.  The 
variation  of  (1  +  6‘^)R/(aQL)^  with  I^/lg  is  indicated  in  Fig.  3.  The 
reflectivity  has  a  maximum  value  given  by 


27(1 


R  T 

m,I 
(  El  >2 

(aoD 


which  occurs  at  an  intensity 


(3) 


Vis  =  1  (4) 

E  2 

The  vai^iation  of  R/(a„L)  with  the  detuning  parameter  6,  for  fixed 
0  ^ 

is  indicated  in  Fig.  i4.  For  each  curve,  the  intensity  is  a  maximum 
at  6  =  0.  The  half  width  at  half  maximum  (HWHM)  of  these  curves  equals 
0.51  in  the  limit  I. /I^  0  and  increases  with  increase  in 

Z  S  U  b 
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REFLECTIVITY,  27R/(Q:oLf 


Variation  of  Reflectivity  with  Intensity. 
Eq.  (1  ) ,  a^L  «  1 . 


.  U.  Variation  of  Reflectivity  with  Detuning  6  at  Fixed 


B. 


L^JHOMOGEl^IEOUS  MEDIUM 


The  analysis  of  degenerate  four-wave  mixing  in  an  inhomogeneous ly 
broadened  medium  is  complicated  by  the  need  to  consider  particle  thermal 
velocity  distribution,..  It  is  expected  tliat  only  particles  with  velocity 
near  zero  (i.e.,  within  the  homogeneous  width  about  line  cer.ter)  will  be 
resonant  with  all  four  waver' ,  thereby  contributing  to  the  interaction.  It 
is  also  expected  that  the  interaction  will  be  similar  to  that  for  a  homo¬ 
geneously  broadened  medium  with  a  like  number  of  resonant  particles.  It 
Inas  therefore  been  suggested^  that  the  reflectivity  R  in  an  inhomogeneously 
broadened  medium  be  computed  from  expressions  deduced  for  a  homogeneously 

E 

broadened  medium  using  appropri  ite  inhomogeneous  medium  values  for  and 
Ig.  However,  the  effect  of  particle  diffusion  on  reflectivity  must  be 
considered.  T.  latter  is  evaluated  in  Appendix  D. 

Let  Rq  and  R  denote  estimates  for  reflectivity  which  include  and  ex¬ 
clude,  respectively,  the  effect  of  diffusion.  The  results  of  Appendix  D 
indicate 


where  the  terms 
wide  and  narrow 
medium  (i.e.,  Avj^ 


.  1/? 


1/2 


1  +  xDk 


2 


-) 


(5) 


pf  ■  ‘-pb 

involving  kp^  and  kp[^  represent  the  contributions  of  the 
gratings,  respectively.  For  an  inhomogeneously  broadened 

p 

/Avj  <<  1)  and  9  <<  1  ,  Eq.  (5)  becomes 


^  ■  ( - -12  p  r,  .  o(02)j  (6a) 

1  .  xDKp^ 

In  this  limit,  the  narrow  grating  is  washed  out.  The  wide  grating  is  fully 

2 

effective  when  xDk  „  <<  l  .  In  this  limit  Rn/R  =  1/^.  For  an  inhomogen- 

2  E 

eously  broadened  medium,  9''  <<  "  and  a^L  <<  1,  Eqs.  (1)  and  (6a)  indicate 

(■4)"  *  2(iyi3)j3  1  .  TDk^r 

Equation  (6b)  io.  applicable  to  the  present  experimental  study. 


(6b) 


C.  PRESSIJ.^E  VA.UflTLON  Iil’FHCT  IH  LIMIT  6^  «  1 

T!-ie  variation  of  reflectivity  with  cell  pressure  is  of  intert 

assum-'  5"  <<  1  .  For  the  present  case  of  a  hydrogen  fluoride 

E  0 

pressures  of  order  1  -lO  Tor'r,  the  pressure  dependence  of  oiq  and 
expresse'.l  as 


wher’''-'  i)  denotes  -Oli  pressure.  Theoretical  estimates  for  and 
deduced  in  Append i'^  B  and  are  listed  in  Table  1.  We  write  Ig/I^ 
the  form 


d/l^  ■  ''(P/c,)" 
a^L  =  c(p/c^) 

whvn'e 

c.  =  2(1 

I  L  S 

c  =  k  LCi 
a  1 

p 

Substitution  into  Eq.  (6b)  yields,  for  6  <<  1 , 

2l6Rp  27(p/cp^  [1  +  0(c)] 

[2(p/cp^  +  1]^L(p/cp^+  Bj^ 

where  B  is  independent  of  pressure  and  is  given  by 

2  2  2 
B  =  p  tD  k  „/c, 
pf  1 


5t.  We 
gas  at 
can  be 

(7a) 
(7b) 
kg  are 

UqL  in 

(3a) 

(8b) 

(3c) 

(8d) 

(9a) 

(9b) 
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Table  1 .  Absorption  Coefficient  and  Saturation  Intensity  for 

HF  Pi(J)  Transitions.  k  =  a!;/?,  k  =  r/p^  . 

I  a  0  s  s  ^ 


T 

J 

k 

k 

a 

s 

(K) 

(  ^ 

^cm-Torr-^ 

( 

(cm-Torr) 

300 

7 

0.07943 

78.52 

300 

8 

0.01897 

74.60 

300 

9 

0.00364 

71 .14 

300 

10 

0.00056 

68,03 

^00 

7 

0.15808 

52.49 

400 

8 

0.05643 

49.87 

400 

9 

0.01702 

47.55 

400 

10 

0.00436 

45.47 

500 

7 

0.21055 

38.40 

500 

8 

0.09567 

36.49 

500 

9 

0.03786 

34.79 

500 

10 

0.01310 

33.27 

600 

7 

0.23437 

29.75 

600 

8 

0.12508 

28.27 

600 

9 

0.05932 

26.96 

600 

10 

0.02509 

25.78 
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Equation  (9a)  provideo  the  variation  of  Rp  with  pressure  and  is  plotted  in 
Fig.  5a.  The  reflectivity  Rq  has  a  maximum  at 


p  2 

(— ]  =  (1/2)[1  B  t  (1  +  lOB  +  (10a) 

which,  for  small  and  large  B,  becomes,  respectively, 

(p^/c^)^  =1  >  3B  -  6B^  +  0(b2)  (10b) 

=  B[1  +  (3/B)  +  0(1/B^)]  (10c) 

Tne  reflectivity  maximum  is  denoted  (RD)m^p  and  is  obtained  by  substitution 
of  Eq.  (10)  into  Eq.  (9).  For  small  and  large  B, 


2l6(Rn)„,  ^  o 

- m,_p  =  1  _  2B  +  O(B^) 


(11a) 


27 

32B 


[1  - 


3 

2B 


0(^)] 

B 


(11b) 


Equations  (8a)  and  (10b)  indicate  that  at  the  maximum  point,  ^ 

(I/IDLI  +  0(B)].  This  result  differs  from  Eq.  (3b)  due  to  the  variation 

E 

of  Uq  with  p. 

P  2 

Corresponding  values  of  B,  " 

B/(p^/cp^  are  given  in  Table  2.  These  permit  theoretical  estimates  of  p^j, 
and  (R[))fj,  p  for  given  values  of  I^.,  k^,  kg,  and  L.  Conversely,  c, 

c-j ,  k^  and  kg  can  be  deduced  from  experimental  observation  of  p^^  and 
'^D^m  p  given  K  and  L,  The  procedure  is  most  accurate  when  B  <<  1 . 


PRESSURE.  p/Ci 


(a) 


(b) 


Fig.  5.  Variation  of  Line  Center  Reflectivity  with  Pressure,  (a)  Effect  of 
diffusion  for  case  where  narrow  grating  is  fully  washed  out  and  c 
<<  1,  Eq.  (9).  (b)  Effect  of  pump  depletion  for  case  where 

diffusion  effects  are  negligible.  The  degree  of  pump  depletion  is 
characterized  by  the  value  of  the  parameter  c.  Appendix  C. 
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Table  2 


Maxi'na  Assooiaterl  with  Variation  of  Reflectivity  with  Presouro 
for  InhoirK^eneouoly^  Broadened  Medium  and  1^(0)  =  I^(L),  !_ 

<<  (S^<<  1  ,  6''-  «  1  . 

(a)  Effect  of  Diffusion  Assuming  Negligible  Pump  Depletion 

(c<<1 )  and  Complete  Narrov;  Grating  Washout  (t  Dk^,  >>  1). 
S(je  Eqs.  (9)  and  (10)  and  Fig.  5a. 


B 

_ _^1__ 

0.000 

1  .000 

0.100 

1  .122 

0 . 200 

1.213 

0.300 

1  .289 

0.400 

1  . 355 

0.500 

1.414 

0.600 

1.468 

0 . 700 

1  .519 

0.800 

1 .566 

0.900 

1 .611 

1  .000 

1 .653 

2.000 

2.000 

3.000 

2.272 

4.000 

2.505 

5.000 

2.713 

6.000 

2.902 

7.000 

3.079 

8.000 

3.244 

9.000 

3.400 

10.000 

3.548 

"  D"m,p 

2 

c 

1  .000 

0.000 

0.844 

0.079 

0.739 

0.136 

0.662 

0.181 

0.602 

0.218 

0.553 

0.250 

0.512 

0.278 

0.478 

0.303 

0.448 

0.326 

0.423 

0.347 

0.400 

0.366 

0.263 

0.500 

0.196 

0.581 

0.159 

0.637 

0.133 

0.679 

0.115 

0.712 

0.101 

0.739 

0.090 

0.760 

0.081 

0.779 

0.074 

0.794 

Effect  of  Pump  Depletion  Assuming  Negligible  Diffusion 
See  Appendix  C  and  Fig.  5b. 

0.000 

1  .000 

1  .000 

0.010 

0.985 

0.980 

0 . 1 00 

0.878 

0.830 

0 . 200 

0.799 

0.711 

0 . 300 

0.742 
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In  this  limit 


c  =  [216(R.)^ 

D  m,  p 

(12a) 

Cl  =  P.., 

1  m 

(12b) 

k  =  [216  (R„)^ 
a  D  m,p  m 

(12c) 

k  =  111. /p^ 
s  t  ^m 

(12d) 

D.  PUMP  DEPLETION 

In  the  previous  sections  it  was  assumed  that  the  pump  beam  intensity 
did  not  vary  along  the  optical  path.  This  assumption  is  consistent  with 
the  assumption  a^L  «  1,  With  increase  in  UqL,  pump  depletion,  due  to 
absorption,  must  be  considered.  A  computation  procedure  which  incorporates 
pump  depletion  is  outlined  in  Appendix  C.  The  variation  of  reflectivity 
with  pressure,  at  fixed-incident  pump  beam  intensity,  is  indicated  in  Fig. 
5b.  Diffusion  and  detuning  effects  are  neglected.  The  magnitude  of  the 
pump  depletion  effect  is  characterized  by  the  parameter  c,  which  is  related 
to  UqL.  Pump  depletion  is  seen  to  reduce  54Rj„  p/c  and  TViese 
maxima  are  tabulated  versus  c  in  Table  2b. 


E.  GAUSSIAN  PROFILE 

It  has  been  assumed  that  each  of  the  beams  participating  in  the  DFWM 
process  has  a  uniform  intensity  profile.  We  now  assume  that  each  beam  has 
a  Gaussian  profile  with  a  beam  waist  w.  Reflectivity  is  estimated.  We 
assume  a  homogeneously  broadened  medium  and  neglect  diffusion  and  detuning. 

The  Gaussian  profiles  are  expressed 


^c  ^p  ^t  ^-2  (r/w)^ 

T  T  T  ^ 

■‘'0,0  p,0  ^t,0 


(13) 
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where  r  is  the  transverse  radius,  and  subscript  zero  denotes  the  centerline 
value.  Let  =  Pf  *  Pp  denote  the  net  pump  beam  power.  The  latter  is 
related  to  q  by 


P 


t 


2 

1TW 


i^a) 


^  I. 


(14b) 


Equation  (14b)  defines  an  average  net  pump  intensity  denoted  I^.  We  now 
assume  that  the  grating  wavelengths  and  Xp^  are  small  compared  with 
w.  The  DFWM  process  at  each  radius  r  may  then  be  assumed  to  be  tlie  same  as 
that  for  corresponding  uniform  beams.  The  average  reflection 
coefficient  R  is  then 


R  = 


[  RI  r  dr 

0  P 


f  I  r  dr 

0  P 


(15) 


2 

which  can  be  evaluated  using  Eq.  (1)  and  Eq.  (13).  For  6  <<  1 ,  the  result 

can  be  expressed  in  the  forms 


where 


R 


(aoL) 


=  [and  +  43)  - 


43(U66)] 

(1+43)^ 


R  =  .1  [,n(U43)  - 

c  643  (1+43) 


(16a) 


(16b) 


(16c) 


Equation  (l6a)  gives  the  variation  of  R  with  at  constant  p,  while  Eq. 
(I6b)  gives  the  variation  of  R  with  p  at  constant  1^.  These  may  be 
compared  with  the  corresponding  expressions  for  a  uniform  intensity 
profile,  namely 
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(17a) 


and 


(oqL)^  (1  +  20)^ 

^  ^  1  _ _ 

^  (1  20)3 


(17b) 


where  0  =  Equations  (16)  and  (17)  are  plotted  in  Fig.  6.  Equations 

(l6a)  and  (I6b)  have  maxima  at 

27R„  t 

=  0,8278  (18a) 


L/I  =  1.106 
t  s 


and 


0.9^112 


m  1 


1 .1117 


(18b) 


(19a) 

(19b) 


The  right-hand  sides  of  Eqs.  (18)  and  (19)  equal  1  for  the  corresponding 
case  of  a  uniform  profile.  Thus,  the  difference  between  the  uniform  and 
Gaussian  beam  is  relatively  small  (i.e.,  of  the  order  of  10  to  20?  in  the 
vicinity  of  the  maximum  reflectivity  point),  provided  is  evaluated  in 
accord  with  Eq.  (1^1).  The  symbols  Rp  and  are  used  interchangeably  in 
subsequent  sections. 


F.  THERMAL  GRATING 

Thermal  gratings  are  discussed  in  Appendix  E.  It  is  concluded  that 
thermal  grating  effects  are  negligible  in  the  present  study.  However,  the 
increase  in  mean  temperature  along  the  optical  axis,  due  to  energy 
absorption,  affects  mean  fluid  properties  such  as  and  kg  (e.g..  Table  1) 
and  thereby  affects  reflectivity. 
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Comparison  of  Line  Center  Reflectivities  Associated  with  Uniform 
and  with  Gaussian  Beam  Profiles  in  Limit  a^L  <<  1.  (a)  Reflectiv¬ 
ity  versus  intensity,  (b)  Reflectivity  versus  pressure. 


in.  EXPERIMENTAL  APPARATUS  AND  PROCEDURE 


A  diagram  of  the  apparatus  used  in  the  present  experiment  is  shown  in 
Fig.  7.  A  low-power  single-line  cw  HF  laser  provided  two  counter-propagat¬ 
ing  pump  beams  and  an  off-axis  probe  beam  within  a  10-cm-long  HF  absorption 
cell.  The  HF  laser  had  a  stable  cavity  which  produced  a  TEMqq  Gaussian 
beam  in  a  single  longitudinal  mode.  Power  levels  up  to  about  10  W  were 
obtained  on  P-|(8),  P-|(9),  and  Pi(10)  transitions.  The  Gaussian  beam  was 
focused  with  a  concave  mirror  (Ml)  such  that  the  forward  pump  beam,  the 
backward  pump  beam,  and  the  probe  beam  were  all  simultaneously  focused  in 
the  center  of  the  absorption  cell.  The  interaction  distance  for  the  three 
beams  was  greater  than  the  10-cm  absorption  cell  length.  The  angle  between 
the  probe  beam  and  the  forward  pump  was  approximately  1  deg  to  provide  good 
overlap  of  the  beams  and  avoid  washout  of  the  wide  grating.  The  Gaussian 
beam  waist  (radius)  in  the  cell  was  0.55  mm.  The  phase  conjugate  return 
signal  was  measured  with  detector  D1 ,  a  LN2-cooled  HgCdTe  detector. 

The  concave  mirror  of  the  HF  laser  stable-resonator  was  mounted  on  a 
piezoelectric-driven  translation  stage  (Burleigh  Inch  Worm)  so  that  the 
laser  frequency  for  each  Pi(J)  transition  could  be  adjusted  by  varying  the 
cavity  length.  During  the  phase  conjugation  reflectivity  measurements,  the 
frequency  of  the  laser  was  continuously  varied  over  a  300-MHz  range  using 
the  Inch  Worm  driver.  The  300-MHz  range  corresponds  to  the  free  spectral 
range  of  the  resonator  cavity  and  is  approximately  equal  to  the  Doppler 
width  of  the  HF  absorption  line  at  300  K.  Laser  frequency  was  monitored 
with  a  scanning  confocal  interferometer  using  the  reflected  beam  from 
beamsplitter  BS  0. 

A  chopper  was  used  on  the  probe  beam  so  that  a  lock-in  amplifier  could 
discriminate  the  small  ref lected-con jugate  signal  from  scattered  cw  light 
and  other  noise  sources.  Beam  blocks  were  inserted  in  the  optical  path  of 
the  probe  and  pump  beams  to  verify  that  the  observed  signal  was  produced  by 
the  interaction  of  all  three  beams  within  the  absorbing  HF  medium.  A 
removable  retroreflector  and  some  removable  neutral-density  filters  were 
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WINDOW 


(all  beams) 


L  =  10  cm 
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w  =  0.55  mm 
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Phf  =  1-10  To'f 
T  =  300°K 
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SINGLE  FREQUENCY 
CW  HF  LASER 


(b)  ARRANGEMENT 


Fig.  7.  Experimental  Apparatus,  (a)  Cell  geometry,  (b)  Arrangement. 
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used  to  position  the  detector  at  the  location  of  the  conjugate  return  beam, 
to  calibrate  the  reflectivity  measurement,  and  to  establish  reflected 
signal-to-noise  ratio.  Signal-to-noise  ratios  as  high  as  60  were 
measured.  The  ratio  of  reflected  signal  on  line-center  to  background  off 
line-center  was  usually  about  5  to  1 .  In  most  cases,  the  difference 
between  these  two  signals  was  used  to  evaluate  the  reflected  signal  when 
calculating  conjugate  reflectivity. 
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IV.  EXPERIMENTAL  RESULTS 


A.  DETUNING  EFFECT 


The  variation  of  conjugate  intensity  with  detuning  v-v^  is  indicated 
in  Fig.  8.  For  the  present  case,  the  Doppler  and  homogeneous  widths  are 
=  300  X  10^  Hz  and  =  30  x  10^  Hz,  respectively.  It  is  seen  that 
the  FWHM  (full  width  at  half  maximum)  of  the  conjugate  signal  is  of  the 
order  of  Avj^.  This  is  expected  from  physical  reasoning  because  only 
particles  within  the  frequency  range  Av^  about  line  center  are  resonant 
with  the  three  input  beams  1^,  I^j,  and  Ip.  These  results  also  support  the 
present  use  of  a  homogeneous  theory  (with  appropriate  absorption  and 
saturation  coefficients)  to  model  DFWM  in  an  inhomogeneously  broadened 
medium. 


-150  0  +150 


LASER  FREQUENCY  DEVIATION 
FROM  LINE  CENTER,  MHz 


Fig.  8.  Effect  of  Detuning  on  Conjugate  Signal  Intensity. 
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B. 


PRESSURE  VARIATION  EFFECT 


The  variation  of  line  center  (6  =  0)  reflection  coefficient  Rq  with 
pressure  p  is  given  in  Fig.  9  for  three  transitions  Pi(8),  Pi (9),  and 
Pl(10)  with  pump  intensities  I  =  130,  COO,  and  900  W/cm^,  respectively. 

^  _ji 

The  maximum  reflectivity  (Rp),)  p  is  of  the  order  of  10  and  occurs  at 
pressures  p^^  from  2  to  9  Torr.  The  experimental  values  of  (RD)fj5^p  and  p^^, 
deduced  from  Figs.  9a  to  9c,  are  listed  in  Table  3c. 


Figures  9  include  theoretical  estimates  for  the  variation  of  Rp  with 
p.  These  were  obtained  using  Eq.  (9a)  with  an  analytical  estimate  f-^r  B 
and  with  arbitrary  choices  for  c  and  Ci .  The  latter  were  chosen  so  that 
the  experimental  and  theoretical  curves  were  i.a  agreement  at  the  maximum 
point.  The  shapes  of  the  theoretical  and  experimental  curves  are  in 
approximate  agroement . 


CD 

QC 
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•r 

O 


>- 
I — 
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UJ 

or 


CELL  PRESSURE  p,  Torr 
(a) 


Fig.  9.  Variation  of  Line  Center  Reflectivity  with  Cell  Pressure  for  Fixed 
Average  Intensity  I^.  Experimental  data  denoted  by  squares. 
Theoretical  curves  are  based  on  Eq.  (9a)  using  values  of  c  and  Ci 
chosen  to  match  experimental  values  of  CRp)^  p  and  Pj^.  (a)  Tran¬ 
sition  Pi(_8),  intensity  I  =  130  W/cm^.  (bu  Transition  Pi  (9), 
intensity  I„  =  600  W/cm^.  ^(c)  Transition  Pi (10),  intensity  I.  = 
900  W/cm^. 
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Tat)le  3  represents  an  attempt  to  compute  (Rp)ff,  ^  and  p^  from  purely 
analytical  considerations.  Table  3a  contains  estimates  for  k  ,  k.,,  c,  Ci 
and  B.  The  latter  are  based  on  a  temperature  T  =  300  K  and  thereby  neglect 
laser  heating.  The  estimates  for  (RQ)fj,  p  and  p^^j  in  Table  3a  are  based  on 
Eq.  (9a)  and  take  diffusion  into  account.  Table  3b  corrects  these 
estimates  for  Gaussian  profile  and  pump  depletion  effects.  The  corre''ted 
theory  in  Table  3b  agrees  with  the  experiment  to  within  a  factor  of  about 
2,  except  for  the  value  of  (Rp)^  p  for  the  case  J  =  10.  The  poor  agreement 
for  this  case  is  probably  due  to  the  present  neglect  of  the  induced 
temperature  rise.  (Note,  from  Table  1  ,  that  the  variation  of  k^  with  T  is 
greatest  for  the  J  =  10  case.) 

Tnermocouple  measurements  near  the  optical  axis  indicate  temperature 
increases  of  the  order  50-100  K  due  to  absorption  of  laser  radiation.  Tlie 
latter  measurements  were  made  by  R.  M.  Kurtz.  Further  study  is  needed  of 
the  magnitude  of  the  temperature  rise  and  its  effect  on  reflectivity. 
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Table  3-  Comparison  of  Theory  and  Experiment 
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V.  CONCLUDING  REMARKS 


The  present  study  may  be  viewed  as  a  first  attempt  to  investigate 
phase  conjugation  of  a  cw  HF  laser  beam  by  use  of  an  HF  absorption  cell. 
Emphasis  has  been  placed  on  the  variation  of  reflectivity  with  pressure. 
The  theoretical  development  included  consideration  of  diffusion,  thermal 
conduction,  pump  depletion  and  Gaussian  profile  effects.  Further  study  is 
needed,  particularly  witi"  regard  to  temperature  effects  and  conjugation 
fidelity. 
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APPENDIX  A 
SYMBOLS 


B 

c 

D 

k 


parameter  characterizing  diffusion  effect,  Eq.  (9b) 
k  Lc, 


1/2 


0 


Is*  lo 

S’  s 

L 

Pt(j) 

Pt 

P 

r 

R 

T 

w 

a 


"i 

e 

A 

A.  . 
IJ 

V 


a  1 

diffusion  coefficient  Eq.  (D-1) 

wave  number  of  incident  waves 

wave  number  associated  with  e.  +  e.  waves 

1  J 

absorption  coefficient  parameter,  Eq.  (7a) 
saturation  intensity  parameter,  Eq.  (7b) 
intensity 

sum  of  pump  wave  intensities,  1^  + 
saturation  intensity,  Eq.  (2b) 
length  of  cell 

P-branch  transition  from  v  =  0,  J  to  v  =  1 ,  J-1 
net  power  in  Gaussian  profile  pump  waves,  P^  +  P^, 
cell  pressure 
transverse  radius 

reflection  coefficient  in  absence  of  diffusion,  I(,/Ip 
reflection  coefficient  in  presence  of  diffusion,  Iq/Ip 
reflectivity  maximum  associated  with  pressure  variation,  Eq.  (11) 
temperature 

Gaussian  profile  beam  waist,  Eq.  (13) 

electric  field  absorption  coefficient  at  low  power 

line  center  value  of  a 

detuning,  (v-VQ)/(/iv^/2) 

ith  electric  field,  Eq.  (C-2a) 

angle  between  Ip  and  I^ 

wavelength  of  incident  waves 

wavelength  associated  with  e.  and  e  .  waves 

-1 

frequency  of  incident  waves,  s 


A-1 


Vq  line  center  frequency  of  resonant  absorber 

Av^  Doppler  width  (FWHM) 

Avj^  homogeneous  width  (FTiVHM)  of  resonant  absorber,  Eq.  (B-2) 
Subscripts 


T 

to 

6 

f ,b,p,c 

i 

J 

ij 

m 


lifetime  of  upper  level 
frequency  of  incident  waves,  rad/s 
detuning  parameter,  Eq.  (2c) 

refers  to  forward  pump,  backward  pump,  probe, and  conjugate 
waves,  respectively. 

refers  to  ith  wave 

refers  to  jth  wave 

refers  to  combination  of  ith  and  jth  waves 
associated  with  maximum  point 


Superscript 

(~)  vector  quantity  or  average  value 


A-2 


APPENDIX  B 

MOLECULAR  DATA  FOR  HF 


Notation:  Dimensions  used  herein  are  (Torn),  T(K),  X(cm),  (cm''b , 

v(s  ^),  k^(cm  ^Torr  ^),  kg(W  cm~^  Torr'^),  Ig(W  cm~‘^) 

Doppler  Width  (FWHM): 


,  8.316  X  10  .  T  ^1/2 

^^d  - - - ^300^ 


(B-1) 


where  X  is  in  centimeters. 


Homogeneous  Width  (FWHM); 


=  1.5  X  Pj^P 


(B-2) 


Equation  (B-2)  is  based  on  a  mean  value  for  HF-HF  collisions.^ 


Absorption  Coefficient;^ 


a.,  = 


2.13  X  10^^  (1  +  V  -  0.01v^)(1  +  0.063J)J 
j3/2  '  exptj(J  +  1)Tj^/fr 

2JT„/Ti 


(B-3a) 


X  [n  -  n  ^e^^'R^M 
>■  V  v+1  •' 


where  Tp  =  30.16  K 
broadened  medium  in 
transitions 


for  HF.  Equation  (B-3a)  assumes  an  inhomogeneously 
the  limit  Av^/Av^  «  1  and  applies  for  laser  P~branch 


V,  J  ^  V  +  1 ,  J-1 


(B-3b) 


B-1 


where  v,J  denote  the  vibrational  and  rotational  energy  level  of  the 
absorbing  particle.  An  alternate  notation  for  the  P-branch  transition  is 
Pv+-|(J).  The  quantities  n^  and  n^^i  denote  number  density,  in  moles/cm^, 
of  particles  in  the  lower  and  upper  vibrational  level,  respectively.  At 
room  temperature,  under  nonlasing  conditions,  n^^l/ny  <<  1  and  Eq.  (B-3a) 
becomes 


k 

a 


E 

% 

Phf 


3.42  X  10^  (1  +  V  -  0.01v^)(1  +  0.063J)J 

^5/2  '  "exi^rJ  ^  iTfj^/fT 


(B-3c) 


where  the  equation  of  state  n^  =  1.603  x  10  ^  PhF'^'^  been  used.  Values 

of  k  are  listed  in  Table  1. 
a 

Wavelength  for  Pi(J)  Transition; 

lO^A  =  2.7441;  2.7826;  2.8231;  2.8657  (B-4) 

J  =  7;  8;  9;  10 


Saturation  Intensity: 

A  definition  of  saturation  intensity,  consistent  with  Eq.  (D-1),  is 


T(o/e) 

V  f 


where  is  line  center  saturation  intensity,  t  is  mean  particle  collision 
time  (i.e.,  upper  level  lifetime),  and 


3_.J9 
2“ 


10^^  J(1  > 


IT  Av 


h 


0.063J)(1  +  V  -  O.OIv^) 
■(2"J  V  1) 


cm 


J 


(B-5b) 


B-2 


is  the  cross  section  for  photon  absorption Substitution  into  Eq 
indicates,  by  use  of  Eq.  (B-11), 

k  =  52.79  _ (2J  ^  1)  (300/T)^-^ 

®  J(1  +  0.063J)(1  +  V  -  O.Olv^) 

Values  of  kg  are  listed  in  Table  1 . 


Gas  Properties: 

Density 

p  =  1.069  X  10'^  p^p(300/T)  g/cm^ 

Index  of  refraction 

n  -  1  =  5.0  X  lo'”^  P^p(300/T) 

Iy  =  (-1)  1*7  X  10"^  P^p(300/T)^ 

Specific  heats 


c  =  1.H6 
P 


J/(g-K) 


Y  =  c  /c  =  l.M 
P  V 


Mean  particle  spread  v  and  sound  speed  a 


V  =  [8/( Ytt) ^^a  =  AAv^(iTiln2) 


=  5.64  *  10^  (T/300)’^^ 


cm/s 


Mean  free  path 


(B-5a) 

(B-5c) 


(B-6) 

(B-7a) 

(B-7b) 

(B-8a) 

(B-8b) 

(B-9a) 

(B-9b) 


B-3 


«,  = 


_li _ =  Ll7_lJ_qi  r_X_l 

0.499  pv  Phf 


cm 


Mean  collision  time 


2.  7.40  X  10  ®  /  T 

'  ■  ?  •  — „p-‘"  ‘300) 


Comparison  of  Eqs.  (B-2)  and  (B-11)  indicates  ttAVj^t  =  3.5.  The 
expression  equals  1  for  a  simple  billiard  ball  model. 


Transport  properties:^ ^ 

Viscosity 

g 

cm-s 


y  =  1.25 


10  ^  ( 


0.9 


300^ 


Thermal  conductivity 


=  2.64  X  lo"*^  i^] 


0.9 


cm-s-K 


Diffusion  coefficient 


D  =i:33y_  ^,56  ^  10"lT/3_q0_) 

p  Phf 


1.9 


cm 

s 


Grating  washout  parameter  for  0  «  1 , 

2.8 


xDk 


pf 


1.68 


HF 


f— ]  f 

^300^  '■ 


0  2.8  X  10 


-4 


0.017 


B-4 


(B-10) 

(B-11) 

latter 

(B-12) 

(B-13) 

(B-14) 


A 


(B-15) 


APPENDIX  C 

DEGENERATE  FOUR-WAVE  MIXING  THEORY 


Expressions  are  derived  that  define  reflection  coefficients  associated 

with  four-wave  mixing  in  a  homogeneously  broadened  medium.  The 

2 

configuration  of  Fig.  1  is  assumed  with  e  <<  1  and  Ip  ^  «  I^  p.  Pump 

depletion  effects  are  included. 

The  electric  susceptibility  of  a  homogeneously  broadened  medium  is 


2i(1  -  i6)  a 

k  fVTlTlJ 


(C-la) 


where 


o 

> 

1 

> 

II 

)/[Av^/2] 

(C-lb) 

a  =  aQ/(1 

+  5^) 

(C-lc) 

I  =  I°(1 
s  s 

+  6^) 

(C-ld) 

g 

Here  is  the  low-power  electric-field  absorption  coefficient  evaluated  at 
line  center,  Ig  is  saturation  intensit}  ,  and  1^  is  the  line  center 
saturation  intensity  [e.g.,  Eq.  (B-5a)].  Other  symbols  are  defined  in 
Appendix  A. 

Components  of  the  electric  field  are  expressed  in  the  form 


S  +  C.C.]  (C-2a) 

where 

E  /E^  =  A.(z)e"^'^i*^  (C-2b) 

X  S  1 


C-1 


and  Eg  ^  (2Ig/ec)^^^  is  the  electric  field  associated  with  the  saturation 
intensity  Ig.  The  net  local  intensity  I  is  then 


1  J 


A.A  .e 
1  J 


-ik 


(C-3a) 


where 


k.  .  =  k.  -  k  .  (C-3h) 

ij  1  J 


2tt/A.  . 
ij 


(C-3c) 


Here  i  and  j  each  take  on  the  values  f,  b,  p,  and  c.  For  i  j,  Eq.  (C-3) 
defines  interference  terms.  The  wavelengths  of  the  wide  and  narrow 
gratings  in  Fig.  2  are  then,  respectively, 


^pf  _  k  1 

'  X  '  k  .  2  sinTeTiy 

Pf 


(C-^ia) 


V  =  !< _ _ _ I 

X  '  k  .  2  cos  CQ/2) 


(C-nb) 


Substitution  of  Eqs.  (C-la)  and  (C-3a)  into  the  electromagnetic  wave 

li_7 

equation  yields,  '  for  Ep  ^  <<  Ej- 


dz 


aj,Ap 


dA. 

“b\ 


a  A 
P  P 


» 

+  <A„ 
c 


vi —  = 

dz  pc 


(C-5a) 


(C-5b) 


(C-5c) 


(C-5d) 


C-2 


where 


1  1  ^ 

“f  b  ■  Iq  *  — 2“-  (' - 

^4,b 

2  2 

1  + 

ap  =  a(1  -  i6)(— -3 - )  =  apj^  ^  ap^ 


2A„A. 

a(1  -  16) 


[1  +  2(Ap  +  Ap)  +  (aJ 


A^  -  I  A. =  I. /I 

l  '  l  '  13 


The  boundary  conditions  at  z  =  0  and  z  =  L  are 


Ap(0)  =  GIVEN 


Ap(0)  =  GIVEN 


(C-6a) 


A^(L)  =  GIVEN 
b 


A^(E)  =  0 


(C-6b) 


Equations  (C-5c)  and  (C-5d)  can  be  combined  to  yield  an  expression  for  the 

ratio  r(z)  -  A  /A  ,  namely, 
c  p’ 


dr  _  *2 

=  2a  -  <  -  <  r 
dz  pR 


(C-7a) 


r(L)  =  0 


(C-7b) 


where  r(0)  defines  the  reflection  coefficient.  Equation  (C-7)  is  now  inte¬ 
grated  for  the  cases  of  zero  and  nonzero  pump  depletion. 


(a)  Zero  Pump  Depletion  (aL  «  1) 

If  pump  depletion  effects  are  neglected,  the  coefficients  in  Eq.  (7a) 
are  independent  of  z  and  Eq.  (7a)  can  be  integrated  to  yield 


where 


- _ l‘ 

+  w  cot  wL' 


(C-8a) 


w  =  /|Kj^  -  (C-8b) 

Note  that  R  =  I(^(0)/Ip(0)  is  the  intensity  reflection  coefficient  for  the 
four-wave  mixing  process.  In  the  limit  aL  «  1,  which  is  consistent  with 
the  neglect  of  pump  depletion,  Eq.  (3a)  becomes 

R  =  |kL|^  [1  +  O(appL)]  (C-9a) 


or,  equivalently. 


(1  ^6^) 


R 


(aoD 


(Ij./Ig)^  (1  -  d^)  [1  +  O(appL)] 

[t  .  2(yi^)  . 


(C-9b) 


g 

where  =  If-  +  Ip,  and  d  =  |If  -  Ip] /Ip.  The  case  d  =  0,  Op^L  -  OqL  is 
considered  in  Eq.  (1). 


(b)  Nonzero  Pump  Depletion  [aL  =  0(1)] 

In  the  case  of  nonzero  pump  depletion,  it  is  con--, cnient  to  write  Eqs. 
(C-5a)  and  (C-5b)  in  the  form 

d(I/I  )  If. 

=  -  2a, R  /  (C-10a) 


C-U 


^C-10b) 


dz 


2a, 


bR 


b 

s 


where 


I  (0)/I  =  GIVEN  (C-IOc) 

i  s 

I^(L)/I  =  GIVEN  (C-IOd) 

b  s 


Here  and  a.  „  are  the  real  parts  of  a„  and  a.  ,  respectively.  The  re- 
flectivity  r(0)  is  found  by  integrating  Eqs.  (C-7)  and  (C-10)  in  the  inter¬ 
val  0  S  z  ^  L.  The  latter  is  a  two -point  boundary  value  problem  which  can 
be  reduced  to  a  one-point  boundary  value  problem  by  evaluating  I^(L)/Ig 
analytically  and  integrating  from  z  =  L  to  z  =  0.  When  1^(0)  =  Ip(L),  the 
analytic  solution  for  Ij.(L)/Ig  is  found  from  (e.g.,  Ref.  7) 


D  + 


In 


[D^  + 


[2(1  +  K)] 


20  ^  K)] 

T/2 


1/2 


=  aL 


(C-11) 


where 


K  =  S  -  (D^  +  2S  +  1)^-^^ 

S  =  [ibCD  +  If(L)]/Ig 
D  =  [Ib(L)  -  If.(L)]/Ig 

Equation  (C-11)  applies  for  gain  as  well  as  absorption.  Numerical  results 
for  the  variation  of  R  with  pressure,  for  a  fixed  pump  intensity,  are  given 
in  Fig.  5b.  Pump  depletion  effects  increase  with  increase  in  the  parameter 

p 

c,  which  is  related  to  OqL.  Maxima,  from  Fig.  5b,  are  listed  in  Table  2b. 


C-5 


APPENDIX  D 
DIFFUSION  EFFECT 

Particle  diffusion  reduces  the  effectiveness  of  the  gratings  induced 
by  the  four-wave  mixing  process The  diffusion  effect  is  estimated 
herein. 

We  first  consider  a  homogeneously  broadened  medium.  Let  n-]  and  n2 
denote  particle  number  density  in  the  lower  and  upper  laser  energy 
levels.  For  weak  saturation,  n2  «  n-] ,  the  variation  of  n2  with  time  is 
given  by 


an^ 

FT 


(D-1 ) 


where  x  is  n2  particle  lifetime  and  D  is  the  diffusion  coefficient.  For 
the  case  of  multiple  electric  fields  given  by  Eq.  (C-3a),  the  steady  state 
solution  of  Eq.  (D-1)  is 


=  i  II 


n 


2  L  2 

1  i  j  1  +  xDkf. 

ij 


-ik.  .'Z 
e  11 


(D-2) 


Each  term  in  Eq.  (D-2),  for  i  j,  corresponds  to  an  interference 

grating.  The  effect  of  diffusion  is  to  reduce  the  amplitude  of  each 

2  -1 

grating  by  the  factor  (1  +  xDk^^)  .  The  reflectivity  coefficient  R  given 
in  Eq.  (C-8a)  is  the  result  of  two  gratings  with  amplitudes  proportional 
to  A^Ap  and  A^Ap,  respectively.  Let  R  and  Rq  denote  estimates  of 
reflectivity  which  exclude  and  include  the  effect  of  diffusion, 
respectively.  It  follows  that 


^  -  r  1/^ 

"  '  ^  ^  TDk^^  " 

where  the  terms  involving  kpf  and  kp^ 
gratings,  respectively,  in  Fig.  2. 


1/2 


1  +  xDk 


(D-3) 


pb 


correspond  to  the  wide  and  narrow 


D-1 


Equations  (D-1 )  and  (D-3)  apply  to  an  inhomogeneously  broadened  medium 

for  cases  where  6  <  1  (i.e.,  for  cases  where  the  laser  i^adiation  interacts 

with  particles  which  have  low  thermal  velocity.)  In  these  cases,  t  is  the 

mean  particle  collision  time.  It  can  be  shown  from  expressions  in  Appendix 

B  that  xDk^  -  (Av./Av.  )^.  It  follows  that 
d  h 

h 

^  Av .  ^  -  2 

xDk^b' 

^  h 

For  an  inhomogeneously  broadened  medium,  Avj^  <<  v^,  the  narrow  grating  is 

always  washed  out  (i.e.,  tDk^,  »  1).  The  wide  grating  will  be  fully 

2 

effective  (i.e.,  tDkp^  «  1)  when 

(0Av^/Av^)^  «  1  (D-5) 

In  the  latter  case,  the  right-hand  side  of  Eq.  (D-3)  is  equal  to  1/i<. 
Equation  (D-5)  indicates  the  need  for  small  9  when  Av^/Av^  is  large. 


D-2 


APPENDIX  E 
THERMAL  GRATING 


In  the  present  experiment,  laser  energy  continuously  heats  the  absorb¬ 
ing  medium.  After  an  initial  transient,  an  elevated  steady-state  tempera¬ 
ture  distribution  is  established  along  the  optical  axis.  This  steady  state 
temperature  has  an  average  value  such  that  heat  loss  by  radial  conduction 
and  by  convection  equals  the  energy  input.  The  increase  in  average  temper¬ 
ature,  due  to  laser  heating,  appears  to  be  of  the  order  of  100  K  in  the 
present  experiments.  In  addition,  there  are  small  periodic  variations  in 
temperature  associated  with  each  of  the  standing  waves  established  by  the 
four-wave  mixing  process.  The  corresponding  refractive  index  variations 
constitute  thermal  gratings  which  are  similar  to  the  saturation- induced 
gratings  discussed  in  Appendix  C.  The  reflectivity  associated  with  the 
thermal  gratings  is  deduced  herein. 

The  net  heat  addition  per  unit  volume,  per  unit  time,  due  to  laser 
radiation,  is  given  by 

2al  ^  ar  II  A.A^e'^'^ij  *  ^  (E-1) 

s  i  j  1  J 

The  equation  for  conservation  of  energy  becomes 

alg  I  I  A.Aje'^^'ij  '  ^  =  pCp  1^  ^  q  -  k.^V^T  (E-2) 

1  j 

where  q  is  the  local  energy  loss  per  unit  volume,  per  unit  time,  due  to 
radial  conduction  and  convection,  and  kj  is  the  thermal  conductivity  coef¬ 
ficient.  Under  steady  state  conditions,  the  solution  of  Eq.  (E-2)  is,  for 
i  =  j. 

q  =  al  I  A^  =  2a  I  I  (E-3a) 

s  .  1  .1 

and  for  i  J 


E-1 


ul  A. A. 

3  1  j  -ik.  . 

-  e  ij 


(E-3b) 


The  average  temperature  along  the  optical  axis  is  the  value  for  which  rad¬ 
ial  conduction  and  convection  permit  Eq.  (E-3a)  to  be  satisfied.  The  quan¬ 
tity  AT^j  in  Eq.  (E-3b)  is  the  temperature  perturbation  associated  witri  the 
grating  defined  by  k.j. 

Denote  the  local  index  of  refraction  by  n  =  Oq  +  An  where  An  denotes 
the  perturbation  due  to  AT.  The  electric  susceptibility  is  then 


X  =  n  -1 

■  (■•’o  -  ’>  *  2"o  OT  ^  -'hj 

1  J 


(E-4) 


Substitution  into  the  wave  equation  yields 


-P  =  <A* 


(E-5a) 


where 


dAc 

=  -kA 

dz  p 


(E-5b) 


2ika  An  .  T-  ^  J  /2  r .  pf 

2  4T‘Vb> 

'^T'^pf  V 


(E-5c) 


2  2  2 

Note  that  k  „/k  ,  =  tan  (0/2)  so  that  this  term  (i.e.,  contribution  of  the 
pf  pb 

narrow  grating)  can  be  neglected  in  Eq.  (E-5g) .  Comparison  with  Eqs.  (C-5) 
and  (C-8)  indicates  that  the  reflectivity  associated  with  the  thermal  grat¬ 


ing  13 


R..  =  tan'll  k|L 


(E-6) 


Thermal  gratings  induced  by  a  pulsed  laser,  with  pulse  length  x  and  neglig- 
ible  conduction,  have  been  investigated.  Tlie  present  results  agree  with 

n___  •_  ^  /i.  1.2  \— 1  _ T _ .  L.,  / 'T'U  : 


tho.se  in  Ref.  13  if  (k.^  k^^)  is  replaced  by  x/pCp  in  Eq.  (E-5c).  This 
equivalence  can  be  deduced  directly  from  Eq.  (E-2). 


E-2 


Evaluation  of  Eq.  (E-6)  for  typical  conditions  of  the  present  experi¬ 
ment  indicates  R  .  -  10  The  reflectivity  associated  with  saturation  is 
of  order  R  -  10"^.  Hence,  thermal  gratings  play  no  role  in  the  present 
experiment.  However,  the  increase  in  mean  temperature  along  the  optical 
axis  does  affect  fluid  property  values  and  thereby  affects  the  performance 
of  the  saturation  gratings. 
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LABORATORY  OPERATIONS 


The  Aerospace  Corporation  functions  as  an  “architect-engineer”  for  national  security 
projects,  specializing  in  advanced  military  space  systems.  Providing  research  suf^rt,  the 
corporation’s  Laboratory  Operations  conducts  oqjerime'.ital  and  theoretical  investigations  that 
focus  on  the  application  of  scientific  and  technical  advances  to  such  systems.  Vital  to  the  success 
of  these  investigations  is  the  technical  staff’s  wide-ranging  expertise  and  its  ability  to  stay  current 
with  new  developments.  This  aqiertise  is  enhanced  by  a  research  program  aimed  at  dealing  with 
the  many  problems  associated  with  rapidly  evolving  space  systems.  Contributing  their  capabilities 
to  the  research  effort  are  these  individud  laboratories: 

Acrophysics  Laboratory:  Launch  vehicle  and  reentry  fluid  mechanics,  heat  transfer 
and  f1i{^t  dynamics;  chemical  and  electric  pix^ulsion,  propellant  dtemisUy,  chemical 
dynamics,  environmental  chemistry,  trace  detection;  spacecraft  structural  mechanics, 
contamination,  thermal  and  structural  control;  high  temperature  thermomechanics,  gas 
kinetics  and  radiation;  cw  and  pulsed  chemical  and  exdmer  laser  development, 
including  chemical  kinetics,  spectroscopy,  optical  resonators,  beam  control,  atmos¬ 
pheric  propagation,  laser  effects  and  countermeasures. 

Chemistry  and  Physics  Laboratory:  Atmospheric  chemical  reactions,  atmospheric 
(^tics,  light  scattering,  state-specific  chemical  reactions  and  radiative  signatures  of 
missile  plumes,  sensor  out-of-field-of-view  rejection,  applied  laser  spectroscc^y,  laser 
chemistry,  laser  optoelectronics,  solar  cell  physics,  battery  electrwhemistiy,  space 
vacuum  and  radiation  effects  on  materials,  lubrication  and  surface  phenomena, 
thermionic  emission,  photosensitive  materials  and  detectors,  atomic  ffequency  stand¬ 
ards,  and  environmental  chemistry. 

Electronics  Research  Laboratory:  Microelearonics,  solid-state  device  physics, 
compound  semiconductors,  radiation  hardening;  electro^ptics,  quantum  elet^nics, 
solid-state  lasers,  optical  propagation  and  communications;  microwave  semiconductor 
devices,  microwave/millimeter  wave  measurements,  diagixKtics  and  radiometiy,  micro¬ 
wave/millimeter  wave  thermionic  devices;  atomic  time  and  frequency  standards; 
antennas,  rf  systems,  electromagnetic  pre^agation  phenomena,  space  communication 
systems. 

Materials  Sciences  Laboratory:  Development  of  new  materials:  metals,  alloys, 
ceramics,  polymers  and  their  composites,  and  new  forms  of  carbon;  nondestructive 
evaluation,  component  failure  analysis  and  reliability;  fracture  mechanics  and  stress 
corrosion;  analysis  and  evaluation  of  materials  at  cryogenic  and  elevated  temperatures 
as  well  as  in  space  and  enemy-induced  environments. 

Space  Sciences  Laboratory:  Magnetospheric,  auroral  and  cosmic  ray  physics, 
wave-particle  interactions,  magnetospheric  plasma  waves;  atmospheric  and  ionospheric 
physics,  density  and  composition  of  the  upper  atmosphere,  remote  sensing  using 
atmospheric  radiation;  solar  physics,  infrared  astronomy,  infrared  signature  analysis; 
effects  of  solar  activity,  magnetic  storms  and  nuclear  explosions  on  the  eanh’s 
atmosphere,  ionosphere  and  magnetosphere;  effects  of  electromagnetic  and  partkalate 
radiations  on  space  systems;  space  instrumentation. 


